This study presents the cure kinetics and cure modelling of an ambient curing unsaturated polyester (UP) resin system for its cure simulation in the vacuum infusion (VI) process. The curing of the UP resin system was investigated using differential scanning calorimetry (DSC). The dynamic DSC test measurements were conducted to find out the ultimate heat of reaction and enable experimental conversion determination for the isothermal curing. The empirical autocatalytic cure kinetics model incorporating the Arrhenius law represented the cure behaviour. The results of the cure kinetics study, the cure model, the material properties and the boundary conditions were the inputs in PAM-RTM software for the simulation of the degree of cure and the exothermic temperature during the infusion and the room temperature curing stages. The simulation results were compared with experimentally measured data. A vacuum infusion (VI) experiment involving a non-crimp glass fibre preform was performed in order to monitor the curing using thermocouples and validate the temperature simulation result. It was shown that the degree of cure and the exothermic temperature of a room temperature curing thermoset resin system during the VI process could be predicted through the steps of this study.
Introduction
In the vacuum infusion (VI) process, the resin wets the preform due to the pressure difference between the inlet and the vent. Usually slow and room temperature curing resin systems are preferred to allow longer infusion times for large structures. Thermoset resins are the most popular matrices used in the manufacture of polymer composites. A thermoset resin system contains monomer(s), a curing agent and an accelerator. Quite often other additives such as pigments and fillers are also used. The choice of components in a formulation can affect the curing of the resin. Therefore, the cure study of each thermoset resin formulation is important for the processing of composite parts and the optimisation of the manufacturing process.
Differential scanning calorimetry (DSC) is a widely accepted method in the literature to study the kinetics of cure reactions of thermoset resins in both isothermal and non-isothermal modes. 1, 2 The DSC analysis and the cure kinetics of the thermoset resins (epoxy, [2] [3] [4] [5] [6] and unsaturated polyester [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ) have been studied by many researchers. Among the thermoset resins, unsaturated polyester resins are very popular because of their relatively low cost, good balance of properties, and adaptability to many fabrication processes. 1 Cure analyses of thermosets is very important to ensure the quality of the final part, to know when to remove the part from the process and to avoid cost issues. Experimental and numerical studies have been performed in the literature to monitor and predict the degree of cure of thermoset resins in the liquid composite moulding (LCM) process. In the experimental studies, a number of in-built cure monitoring techniques have been reported, such as carbon fibre, 21 fibre bragg grating, 22 dielectric 23, 24 and the flexible matrix sensors. 25 It was reported that the results of the in-built dielectric cure monitoring were in good agreement with the DSC cure data with little error. 23, 24 Even though the accuracy of the in-built systems can be high, the disadvantages are (i) high labour, material and technology costs, (ii) prone to errors, (iii) embedded in the part after curing, (iv) the requirement of complex experimental setup and (v) not readily available.
The cure behaviours of thermosets have been represented by simple empirical equations based on the cure kinetics using DSC data in many studies. In the numerical cure simulation studies, the aim has been to (i) predict the degree of cure and the temperature history during the process, (ii) optimise and control the cure cycle and (iii) optimise the mould heating profile to reduce the cure cycle time and the cure induced thermal stress in the composite part. 26 The empirical and numerical cure simulation studies have mainly focused on the processes requiring heating cycles, such as resin transfer moulding [27] [28] [29] [30] [31] and autoclave. 32, 33 The cure monitoring and the cure simulation of the ambient curing thermosets in fibre-reinforced composites during the VI process have been untouched. A few studies have reported the cure kinetics and the rheology of ambient curing thermosets for the VI process 34 without using their results to simulate the curing in the VI.
This study is the first attempt to simulate the curing of a thermoset resin system in fibre-reinforced composites during the VI process, and to explore the cure kinetics and the modelling of an ambient curing unsaturated polyester resin system for its cure simulation in the VI. The objectives of this study are (i) to examine the cure kinetics of the UP resin system through the DSC method, (ii) to model the curing using an empirical autocatalytic cure kinetics model incorporating the Arrhenius law, (iii) to simulate the fibre reinforced UP resin curing in PAM-RTM software during and after the infusion, (iv) to perform a DSC experiment to measure the degree of cure and to compare the result with the degree of cure simulation and (v) to perform a VI experiment to monitor the curing (exothermic temperature) by means of cost-effective thermocouples to validate the cure temperature simulation.
Theoretical approach

Cure kinetics by DSC
In the DSC analysis, the released heat during the reaction is measured and quantified to determine the degree of chemical reaction or conversion. The degree of chemical reaction (degree of cure) is defined as the ratio of the released heat up to the current time and the total heat of reaction that the resin releases. It ranges from 0 (no reaction) to 1 (complete cure). The total heat of reaction can be measured by the dynamic DSC measurements.
The total, or the ultimate, heat of reaction (total enthalpy, H U ), which is the amount of heat generated during the dynamic scanning until reaching the fully cured state of the system, can be obtained by continuous single heating rate experiments. H U is calculated by the following equation 35
where dQ=dt ð Þ d is the instantaneous rate of heat generated, and t d is the amount of time required to complete the reaction during the dynamic scanning experiments. The heat evolution H t ð Þ is proportional to the degree of conversion ( t ð Þ), which is defined as
From the isothermal scanning experiments, the following expression gives the total isothermal heat of reaction (H T )
where ðdQ=dtÞ i is the instantaneous rate of heat generated, and t i is the amount of time required to complete the reaction during the isothermal scanning experiments.
The actual rate of cure as function of time (d=dt) can be calculated using the following equation
The actual cure rate (d=dt) can be related to the isothermal rate of cure (d=dt). 36 The above equation can be written in the form of
where d=dt represents the isothermal reaction rate based on the total isothermal heat of reaction (H T ) at a specific constant temperature and it can be calculated by the following equation
The following equation is obtained from the integration of equation (6) to determine the actual degree of
The ratio between H T and H U expresses a degree of incomplete reaction and is approximated by a piecewise linear function of temperature (T)
where a, b and T c are constants which can be determined from the curve fit of the DSC measurements.
Kinetic modelling
A crucial step in the study of cure kinetics by DSC is fitting of the reaction rate profile obtained from the experiments, to a kinetic model. The kinetic models fall into two main categories: (i) phenomenological and (ii) mechanistic models. A relatively simple equation is used in the phenomenological models and the details of how reactive species take part in the reaction are ignored, whereas the mechanistic models are obtained from balances of reactive species involved in the reaction. Even though the mechanistic models offer better prediction, it is not always possible to derive such models due to the complexity of cure reactions and the mechanistic models require more kinetic parameters. 17 The empirical models are widely used in the literature for thermoset resins. Table 1 presents the main kinetic models used for thermoset resins. In general, the kinetic models relate the rate of reaction (d=dt) to some function of and T. If the curing system does not show any complexity in the reaction mechanism, a simple nth order reaction model (equation (10)) can describe the reaction. In the case where the curing system exhibits autocatalytic effects, equation (11) describes the reaction mechanism. More complex reactions consisting of independent reactions are described by the combination of the nth order and the autocatalytic models (equation (12)). 3 
Numerical simulation
The liquid composite moulding process simulation software PAM-RTM 2011 (developed by ESI Group) 37 has been used in this study. PAM-RTM is a finite element tool dedicated to mould filling and cure simulations of liquid composite moulding processes in which a liquid resin system is injected into a fibre-reinforcement, and uses non-confirming finite elements in the form of triangles and tetrahedrons. The mould filling simulations are based on Darcy's approach (equation (14)).
where v is the velocity, Q f is the flow rate, K is the permeability, is the viscosity, ÁP is the pressure difference between the inlet and the vent, A is the cross-sectional area of the flow channel and L is the flow length. The viscosity () and the cure kinetics data of a resin system can be incorporated into the mould filling simulations to obtain more realistic filling time results. A number of models describing the viscosity as a function of degree of polymerisation and temperature are available in PAM-RTM. The curing of the resin is described by the following equation
where d i dt is curing rate of the component i of the resin. For an isothermal process and to avoid the problem of Table 1 . Kinetic models used for the chemical kinetics of thermoset cure.
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Note: Here m and n are the reaction orders, T is the absolute temperature, R is the universal gas constant, A i is the pre-exponential factor and E i is the activation energy.
fitting errors, PAM-RTM allows implementing the measured viscosity data as a function of time.
In PAM-RTM simulations, the role of d=dt and the thermal properties in the thermal phenomena are represented by the following equation
where T is the temperature, t is the time, is the density, C p is the specific heat, k is the heat conduction coefficient tensor, Áh is the total enthalpy of the polymerisation of the resin, is the resin cure and r represents the resin. The heat convection boundary condition is defined as
where h is the heat convection coefficient, T 1 is the environmental temperature and Q is the thermal energy. This general equation allows curing calculations in PAM-RTM.
Experimental approach
Resin system
The present study concentrates on the cure kinetics of an unsaturated polyester (UP) resin system (Crystic 701 resin and 1% Methylethylketone peroxide catalyst) supplied by Scott Bader. Crystic 701 with a styrene content of 40-45% is a pre-accelerated, isophthalic polyester resin with low viscosity (1.6 poise) and controlled exotherm characteristics. The viscosity and exotherm characteristics of Crystic 701 make it particularly suitable for the manufacture of large structures in the VI process. The recommended curing cycle of the laminates manufactured from this system is 24 h at room temperature, followed by a post-cure for 16 h at 40 C or 3 h at 80 C. The manufacturer recommends using the catalyst between 1% (slow curing) and 2% (fast curing) by weight. One per cent content was chosen for this work to provide the longest curing time and, therefore, to increase the processing time of the resin.
DSC analysis
The measurement of the heat evolved during the curing reaction was conducted by means of a TA Instruments DSC Q2000. The DSC analysis provided the heat flow versus time and temperature data (Figures 1 and 2) . To investigate the ultimate heat of the reaction (H U ), the heat flow was measured for heating ramps of 3 C, 5 C, 10 C and 20 C for samples weighing 7 mg (AE0.1) up to 250 C (Figure 1 ). The isothermal tests were performed at temperatures of 30 C, 40 C, 50 C, 60 C, 70 C and 80 C ( Figure 2 ) for samples weighing 7 mg (AE0.1) until no further changes in the data can be observed.
Viscosity and degree of cure measurements
The viscosity of the Crystic 701 resin with 1% MEKP catalyst as a function of time at room temperature was determined by ICI viscometer. The procedure of the viscosity measurement was (i) 100 g of Crystic 701 in a gelation timer cup, which was covered with foil to reduce styrene loss, was placed in a water bath maintained at a temperature of 25 C for 30 min, then 1% MEKP catalyst was added and stirred into the resin for 1 min, (ii) a sample of resin was taken for the viscosity measurement using ICI viscometer until the resin had gelled (Figure 9 ), and (iii) also a sample of resin was taken for the degree of cure measurement using DSC for 24 h (Figure 13 ) to compare it with the cure simulation result.
Vacuum infusion experiment
A VI experiment was performed for cure monitoring and to find out a typical infusion time. The preform consisted of 12 layers of tri-axial non-crimp glass fabric preform (areal weight of 817 g/m 2 and dimension of 45 cm Â 15 cm). The preform involving all the fabric layers in 0 orientation (Figure 3b ) was infused. Unlike the standard VI procedure, the distribution medium and the peel ply were not included in the experiment to extend the infusion time. The flow front advancement ( Figure 9 ) was monitored using a high-resolution Microsoft webcam. The details of the flow front monitoring methodology can be found in previous studies by the authors. 38 During the preparation of the infusion process illustrated in Figure 3 (a), a thermocouple was embedded between the sixth and the seventh layers for the purpose of cure monitoring. With this experiment, the exothermic temperature of the resin inside the laminate was monitored and recorded. Also, another thermocouple placed just above the vacuum bag recorded the ambient temperature. The thermocouples were connected to a National Instruments thermocouple module (NI-9213), which has a sensitivity of 0.02 C, and Compact Rio-9022 real-time controller. The sample was cured overnight ($20 h) at room temperature under the vacuum pressure of 0.5 bar.
Results
DSC results
The total isothermal heat of reactions (H T ) calculated using the data in Figure 2 and the ultimate heat of reactions (H U ) calculated using the data in Figure 1 are presented in Tables 2 and 3 , respectively. It can be seen that H U was around 256 J/g ( Table 3 ) and did not depend on the heating rate.
It can be seen that the H U found in this study is in the range of the previously reported values ( Table 4 ). 18 360 Dynamic Martin. 13 355 Dynamic Ramis and Salla 11 350 Isothermal Avella et al. 13 350 Isothermal Rouison et al. 10 345 Isothermal Yun et al. 14 
Isothermal Aktas et al. (this study)
256 Isothermal Cuadrado et al. 9 243 Isothermal Vilas et al. 20 231 Isothermal The differences in H U can be attributed to the test method and the individual materials and their contents in the unsaturated polyester resin, such as catalyst, inhibitors, styrene and other additives. The conversion (degree of curing) profiles for each isothermal test are shown in Figure 4 . The details of the calculations are described by the equations (5) to (8) in the Cure kinetics by DSC section. As expected, the ultimate overall conversion increased with temperature. Under the isothermal conditions of 30 C, 40 C, 50 C, 60 C and 70 C, the final degree of cure was incomplete (less than 1). The final degree of cure reached 1 for the isothermal condition of 80 C.
A graph of experimentally determined values of H T =H U versus temperature (T) is shown in Figure 5 . From equation (9), the ratio of H T =H U rose with temperature and was approximated by a piece-wise linear function of temperature as expressed by equation (18) . The H T =H U data were linear until 50 C and almost levelled off after 50 C. The full curing stage was obtained at 80 C. This showed that 80 C temperature was needed to complete the curing.
Curve fittings and cure model
The procedure of the application of the empirical autocatalytic cure model to the experimental data and the determination of the constants k, m and n were as follows:
. d=dt data were calculated by equation (6) using experimentally determined values of d=dt and H T / H U and plotted against the isothermal conversions ( Figure 6 ). . The d=dt versus values were curve-fitted with a least-square curve fitting method using the autocatalytic kinetic model (incorporating the Arrhenius law) and the Levenberg-Marquardt algorithm. . The constants ( Table 5 ) were obtained as the results of the curve fittings.
The fittings ( Figure 6 ) were in agreement with the isothermal rate of degree of cure (d=dt) versus degree of cure () data for each isothermal case.
With the modification of equation (13), equation (19) representing a linear correlation between lnk and 1=T can be obtained to find out the activation energy and the pre-exponential factor A. Figure 7 shows this linear relationship with an R 2 of 0.9695.
From equation (19) and Figure 7 , the pre-exponential factor (A) and the activation energy (E) were found as 109098 min À1 and 40.73 kJ/mol, respectively. From here, the following final cure kinetics expression for Crystic 701 resin with 1% MEKP content was obtained
In equation (20) , m and n are the temperature-dependent reaction orders. The relationships between the constants m, n, and reciprocal temperatures (Figure 8) were expressed by second-order polynomial curves, represented by equations (21) and (22) 
Vacuum infusion
The flow front advancement data (total filling time of 4432 s) was compared with the viscosity data ( Figure 9 ) that was obtained as a result of the DSC analysis section. It can be seen that the viscosity was around 0.19 Pa s during the infusion of the 0 oriented preform (Figure 9 ). The viscosity remained almost constant ($0.2 Pa s) upto 12,000 s ($3.5 h). The resin gelled around 14,000 s ($4 h) and it was not processable afterwards ( Figure 9 ). This showed that the selected preform would be completely infused before the resin gelled. From the same experiment, the temperature monitoring result is presented in Figure 11 . It can be seen that the temperature inside the laminate was more stable than the ambient temperature due to being sealed by the preform. The thermocouple measuring the ambient temperature was prone to instant environmental temperature changes. In Figure 11 (a), stages 1 and 2 represent the wetting (infusion) and the wetted stages, respectively. The complete room temperature cure monitoring data is presented in Figure 11(b) . The exothermic reaction was clearly recorded around 4 h in the laminate. Apart from the exothermic reaction, the general temperature trend inside the laminate was similar to the ambient temperature trend, but it was slightly higher due to the on-going curing reactions and the stability. Because of the heat generation inside the laminate due to the exothermic reaction of the resin, it could be expected that there was a heat transfer by conduction (from the resin to the fibre, the mould and the vacuum bag) and convection (from the hotter experimental stack to the colder ambient). According to the results of the temperature monitoring (Figure 11 ), the heat generated by the resin dissipated quickly in the laminate due to being spread over a large surface. As a result, a maximum temperature of 32 C was noted inside the preform as the peak temperature of the exothermic reaction, and the maximum temperature difference was nearly 4 C between the ambient and the laminate. The time of the peak temperature determined by the inbuilt thermocouple (Figure 11b ) and the gelling time of the resin (Figure 9 ) determined by the viscometer were same ($4 h).
Numerical simulation study
A resin flow simulation was constructed in PAM-RTM using solid elements for the preform, the vacuum bag and the mould (Figure 10) . The outputs were the filling time, the degree of cure and the temperature profiles ( Figure 12 ). The cure simulation continued for 24 h after the total infusion time. The simulation included (i) the material properties (Table 6 ) and the boundary conditions (ambient temperature ¼ 29 C, initial resin and mould temperature ¼ 29 C), (ii) the resin flow simulation inputs of the 0 oriented 12-layer preform infusion case (inlet pressure ¼ 1 atm, outlet pressure ¼ 0 atm, the average porosity ¼ 0.5, the average permeability values in x and y directions and their orientations that were defined in Aktas et al. 38 ), (iii) the experimental viscosity data as a function of time ( Figure 9 ), (iv) the enthalpy of 256 J/g ( Table 3 ) and (v) the autocatalytic cure kinetics expression (equation (20) ). Figure 11 presents the comparison of the numerical and the experimental temperature data. Figure 11(a) is the magnified area of the data in Figure 11 (b) up to 2 h. In Figure 11 (a), Stages 1 and 2 represent the temperatures (i) during the filling and (ii) after the filling, respectively. It can be seen that the temperature prediction agrees well with the experimental data. The temperature increased from 29 C to 30 C until the end of the infusion process. This could be attributed to the flow of the resin and the ongoing cure reactions. In Figure 11 (b), the overall numerical temperature pattern was similar to the experimentally measured data. The peak temperature times for the experimental and the numerical were around 4 and 4.5 h, respectively.
In Figure 12 , the cure and the temperature simulation results were from the moment of the complete filling time of 4432 s. The temperature variation was nearly 1 C, and the degree of cure variation was between 0 and 0.046. The variations in the temperature and the degree of cure can be explained by the ongoing resin flow, continuing very slow curing reactions and the pressure difference from the inlet to the vent. Figure 13 presents the complete degree of cure simulation result and the DSC cure result. According to Kim and Lee 23 and Bang et al., 24 the DSC cure data were in good agreement with the cure data measured by the in-built dielectric cure monitoring method with little error in their studies. Therefore, it can be considered that DSC test results can be reliable for comparison with simulation results. In this study, the degree of cure prediction was compared with the DSC cure data instead of using a complex and expensive in-built cure monitoring technique. The trends of the curves were not similar due to two main reasons: (i) representation of the cure behaviour by an empirical cure kinetics model in the simulation and (ii) the differences between the simulation (involved reinforcement) and the DSC experiment (conducted for a 7 mg resin sample). The experimental DSC data represented the whole reaction with more accuracy during curing, whereas the cure kinetics model was very general with less accuracy. From here, it can be seen that the empirical model did not show the details of the chemical reaction. Therefore, it is not easy to explain the physical meaning of the simulation curve. However, the simulation result was able to indicate the general cure behaviour with the final degree of cure. According to Figure 13 , the DSC cure data were linear from 6.5 h to the end, because there were no data recordings in between. The final degree of cure results was close to each other, 0.68 and 0.76 for the numerical and the experimental, respectively.
The glass fibre-reinforced UP sample cured at room temperature is shown in Figure 14 . Even though the final degree of cure was around 0.7, the sample was stiff without any tacky regions. The post-curing stage could be performed to cure the sample completely. However, most of the commercial ambient curing resins can be post-cured at room temperature for several days (from 7 to 10 days) to obtain a fully cured composite. The post-curing stage was not investigated in this study.
Conclusion
In the literature, many researchers have focused on the empirical and numerical cure simulation studies for the thermoset resin systems requiring heating cycles for curing. A few studies reported the cure kinetics and the cure modelling of ambient curing resin systems that are suitable for the VI process, but their cure simulation in fibre reinforced composites for the VI process has not been reported.
The VI process is scalable to large structures. It may not be practical and cost-effective to use in-built cure monitoring systems. Therefore, a cure simulation strategy is important and cost-effective, which can allow prediction of the degree of cure and the exothermic temperature at various locations of a large structure. This study is the first attempt to construct a cure simulation approach for curing of an ambient curing thermoset resin system in fibre-reinforced composites during the VI process. According to the results, the final degree of cure prediction was close to the experimental DSC cure data, and the temperature prediction was comparable with the thermocouple data obtained from the composite during the VI experiment.
The cure kinetics of other thermoset resin systems can be investigated through the steps of this study to model their cure behaviours. The parameters of this study can be used for more realistic VI flow simulations with Crystic 701 resin system for large structures if the permeability of the preform is known.
